Introduction
The mouse has a long history as an invaluable model organism in the field of biological studies. It exhibits a short life span with the large litter size that is suitable for genetic studies. Since the mouse is very similar to humans in both genetical and physiological aspects, the mouse models closely resembling human diseases are usually adopted for studying human pathogenesis. Moreover, one of the most efficient ways to reveal the function of a gene is to analyze the phenotypes of an individual mutant mouse in vivo. Since mice can be genetically engineered with relative ease, the number of studies using mutant mice has been dramatically rising with the increase of the number of mutated genes in the mouse, most of which were accomplished through the pronuclei injection or the homologous recombination in embryonic stem (ES) cells (Muller, 1999) . The introduction of gene targeting strategy has revolutionized the field of biological science itself as well as that of mouse genetics.
As the importance of enriching the pool of mutant mice is being recognized among scientific communities with the completion of both human and mouse genome projects, the demands for developing efficient strategies of mutagenesis have significantly increased. Therefore, current interest is focused on random mutagenesis strategies, such as ENUmediated and gene-trap mutagenesis. Reasonably, these mutant mice are beneficial to the identification of the genes that are involved in interesting traits and/or to the initial evaluation of the significance of a gene in both the genetical and physiological context. However, the planned or designed mutations are essential for studying both the physiological and molecular functions of a gene precisely. These objectives are just brought about through the generation of both targeted and transgenic mice since the potential of random mutagenesis is limited in the generation of allelic mutations. Based on it, we describe here the basic technologies that are used in the studies of mouse functional genomics and empathize the advantages of gene targeting and transgenesis.
from the inner cell mass of a mouse blastocyst and established in culture (Evans and Kaufman, 1981) . These ES cells can reconstitute the germ-lines as well as all other tissues, thus a whole mouse, when re-injected into or aggregated with mouse embryos (Evans and Kaufman, 1981; Nagy et al., 1993) . Even though they are being cultured for a long period of time in vitro, they can subsequently repopulate the germ-line in chimeric mice (Robertson et al., 1986) .
Classical gene targeting
The first gene-targeted mouse was generated using hypoxanthine phosphoribosyl transferase (HPRT) as a target via the homologous recombination in ES cells (Doetschman et al., 1987; Thomas and Capecchi, 1987) . In order to minimize frequent random integrations, and thus increase the efficiency of gene targeting, a sophisticated selection method, known as "positive and negative selection", has been introduced (Mansour et al., 1988) .
Describing the genetics underlying the gene targeting technology, Fig. 1 will be very useful for scientists who wish to understand the basics. Generally, ES cells are derived from mouse strain 129/sv that carries two wild-type alleles of the Agouti gene (AA), which is autosomal dominant, thus showing the Agouti color (similar to brown color) on their coat. The targeting vector for gene X that the scientist wants to knockout is constructed to contain two homologous regions flanking the positive selection marker (usually Neomycin phosphotransferase gene). The negative selection marker, such as thymidine kinase (TK) or Diphtheria toxin A (DTA) gene, is added to increase the yield of the proper homologous recombination. When this targeting vector is introduced into wild-type ES cells by electroporation, the homologous recombination will occur. Before the homologous recombinations take place, these wild-type ES cells have a genotype of AAXX. After the selection, the cloned ES cells are screened to find the homologous recombination event by Southern blot analysis or Polymerase Chain Reaction (PCR).
Afterward, the ES cell clone, heterozygous for gene X (AAXx), will be expanded and injected into wild-type blastocysts that are isolated from the cross between the C57BL/6 strain mice. Since these C57BL/6 mice have no wild-type Agouti gene (therefore they have a black coat color) and the target gene X is still intact, their genotype is aaXX. By microinjection, these ES cells (AAXx) are fused to the inner cell mass of blastocysts (aaXX), which are then transferred to the uterus of the pseudopregnant foster mother, resulting in the production of chimeric mice with the genotypes of both AAXx and aaXX.
These chimeric mice will have genotypes of AX, Ax, or aX in their germ cells (AX and Ax from injected ES cells, and aX from host blastocyst). If these are mated with wild-type C57BL/6 mice (only aX in their germ cells), the genotypes of the newborns will be AaXX, AaXx, or aaXX. What we want Fig. 1 . Basic genetics in the production of knockout mice. ES cells are electroporated with a targeting vector. After selection, the clones are picked and screened by PCR or Southern blot analysis. The recombinant ES clones are injected into blastocysts that are then transferred into pseudopregnant mice to generate chimeric mice. Chimeras are crossed to C57BL/6J to obtain germ-line transmission. X, target gene; A, Agouti gene; Neo, neomycin phosphotransferase gene as a positive selection marker; TK or DTA, thymidine kinase or Diphtheria Toxin A, respectively, as negative selection markers. among these three is heterozygous knockout, Xx. Therefore, if one can see only black mice from these newborns, they must be aaXX that is not gene-targeted and if one gets Agouti color mice, one half of them (AaXx) will be the properly targeted heterozygous knockout mice.
Conditional gene targeting
Though the classical gene targeting strategy can successfully introduce specific mutations into the mouse genome, there are several disadvantages in employing this approach. First, since it uses the germ-line mutation, mutations in developmentally essential genes will induce embryonic lethality, which makes it impossible to study the gene function in adult stages. Secondly, it is limited for studies of the gene functions in the context of the specificity for both the cell lineage and the developmental progression. Finally, it is impossible to establish the models that closely resemble the somatically acquired human diseases. These limitations urged scientists to develop new targeting strategies. The site-specific recombination systems, such as Cre/LoxP from bacteriophage P1 and Flp/Frt systems from yeast, have enabled scientists to achieve the tissue-specific gene targeting. At first, these systems were successful in expressing a transgene in transgenic mice or ES cells; its translation is blocked by the presence of the artificial stop codon, which is designed to be deleted by Cre/Flp recombinase (Orban et al., 1992; Dymecki, 1996) . This success led the T cell-specific DNA polymerase β gene targeting (Cre-LoxP system) and the pituitary glandspecific Retinoblastoma gene targeting (FLP/FRT system) (Gu et al., 1994; Vooijs et al., 1998) . Since the application range of the conditional gene targeting system is limited by the regulation of these recombination systems, diverse strategies have been developed to spatiotemporally regulate the Cre recombinase expression in vivo (Lewandoski, 2001 ).
Knock-in
We have explained the strategies that can completely make null mutations. However, the subtle modification of these, so-called "knockin", has allowed the replacement of the endogenous gene. By fusing a cDNA to the coding sequence in frame, we can replace one gene with another, thereby comparing the role of the gene with the others. One of the examples is the knockin study showing the functional redundancy between cyclin D1 with cyclin E in mice (Geng et al., 1999) . Since these two proteins are the major cyclins expressed in G1, they are referred to as G1 cyclins. These knockin mice express cyclin E with exactly the same pattern of cyclin D1 expression in vivo. This strategy rescued all phenotypic manifestations of cyclin D1 deficiency, thereby showing the functional redundancy of G1 cyclins.
7KURXJK With the help of these gene-targeting strategies, we can definitively achieve the elimination or the replacement of genes of interest composing the mouse genome. Moreover, these technologies enable us to engineer the chromosome itself (Yu and Bradley, 2001) , which is impossible to accomplish with any other genetic strategy. Further development of sophisticated technologies regulating the homologous recombination will eventually enable scientists to target a gene of interest in any stage of mouse development and in any cell lineage and tissue or organ at a desired time point.
Transgenic Mice
The establishment of transgenic technology has opened a new era in the field of biological science. Transgenic studies have attacked the gene functions in waves. Generally, transgenic mice are generated by microinjecting the DNA fragments into the pronuclei of fertilized eggs. This DNA fragment contains new genetic information and is integrated into the genomic DNA, which is transmitted to the next generation. The first transgenic mice were produced with the transgene, composed of mouse metallothionein-I gene promoter and the structural gene of rat growth hormone (Palmiter et al., 1982) . This transgene confers on mice with a new potential to manifest gigantism when fed with extra zinc, thereby showing the functional transmission of new genetic information.
Specific targeting of the transgene expression
Transgenic mice allowed the researchers to monitor the transgene expression in all cell lineages, at any desired stage of development and in postnatal animals, thereby providing new tools to investigate the cis-elements and promoters that are involved in transcriptional regulation. For example, in transgenic mice expressing the human growth hormone (hGH) under the regulation of the elastase I promoter, the hGH expression was directed to the pancreatic acinar cells, which exactly corresponds to that of the endogenous elastase I gene (Ornitz et al., 1985) . Later, it was also demonstrated using transgenic mice that the enhancer of this elastase I regulatory region was responsible for both the expression in specific cell-lineage and the developmental onset of the expression (Hammer et al., 1987 
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Besides adopting tissue-specific promoters, the transgenic expression can be modulated by employing several inducible strategies, such as the tetracycline-inducible (Efrat et al., 1995) and site-specific recombination systems (i.e., Cre/LoxP or Flp/Frt system (Orban et al., 1992; Dymecki, 1996) ). Technical progress will enable us to examine the in vivo role of a gene in specific tissues at a desired time point.
Transgenic mouse in studying pathophysiology Diseaserelated phenotypes could be reconstituted in mice through the expression of the pathogenic mutant alleles of a gene. Mutations in specific glycine residues of the pro-alpha 1 (I) collagen gene are associated with the inherited human disease, osteogenesis imperfecta type II. In transgenic mice expressing the mutant pro-alpha 1 (I) collagen gene with substitutions in a glycine residue, a dominant lethal phenotype, which is a characteristic of this human disease, was observed (Stacey et al., 1988 In addition to the specific expression of a pathogenic transgene, transgenic technology is utilized to examine the biological functions of the specific cell lineage by eliminating them in vivo. This is accomplished by targeting the expression of a toxic gene, such as Diphtheria toxin, in specific cell lineages. The Elastase I promoter is known to restrict the transgene expression in pancreatic acinar cells in mice (Ornitz et al., 1985; Hammer et al., 1987) . The transgenic expression of the Diphtheria toxin (DT) A gene under the control of the elastase I promoter/enhancer specifically eliminates pancreatic acinar cells, thereby resulting in mice that lack a normal pancreas . This strategy was further developed to ablate specific cell-lineages at certain time point (spatiotemporal cell ablation). While the membrane-anchored form of the heparin binding EGF-like growth factor (HB-EGF precursor) acts as a DT receptor in humans, mouse orthologue does not. Therefore, when the human DT receptor is expressed in liver using the albumin promoter, DT specifically kills the hepatocytes only in these transgenic mice (Saito et al., 2001) . This strategy could be applied to eliminate certain types of cell-lineages at a desired time point.
Disruption of endogenous gene function: Dominant negative mutations and RNA interference Dominantnegative mutations are usually carried out for the elimination of the activities of the wild-type gene products. The expression of dominant-negative mutant genes will compete with and eventually disrupt the endogenous gene functions. This method is specially useful when the in vivo functions of a gene cannot be observed through classical gene targeting for it causes several obstacles such as early embryonic lethality homeostasis and functional redundancy. For example, ASC-2, a recently isolated transcriptional co-activator, when eliminated through gene targeting, induced embryonic lethality, which prevented scientists from analyzing the role of ASC-2 in the postnatal stages (Kuang et al., 2002; Antonson et al., 2003) . On the other hand, the transgenic mouse overexpressing the dominant-negative mutant of the ASC-2 gene displayed multiple mutant phenotypes in various organs, including eye defects (Kim et al., 2002) . In this case, the genetic leakiness of the dominant-negative approach was rather beneficial to avoiding the embryonic lethality.
Another strategy for the disruption of the gene functions by silencing the endogenous gene expression is RNA interference, which will be described in a later section.
Transgenic insertion as a mutagen Besides transmitting new genetic information to the mouse germ-line, the transgenic insertion itself can be used as a mutagenic tool. Transgenic insertions occur at random with insertional mutation frequencies of 5% to 10% (Stanford et al., 2001) . The mutated genes can be isolated using the inserted transgene as a probe. Using this approach, the Klotho gene, which is involved in the suppression of several ageing phenotypes, was identified (Kuro-o et al., 1997) . In generating the transgenic mice overexpressing the rabbit type-I sodiumproton exchanger, researchers obtained several lines of transgenic mice that did not express this transgene. Among these mice, they identified the Klotho mutant mice. Recently, we also identified the mouse line that carries an insertional mutation (Choi et al., 2003) . Using the chicken β-actin promoter and cytomegalovirus (CMV) early enhancer, we generated 7 lines of transgenic mice overexpressing mouse TERT. Among them, the homozygous offspring from one line showed severe ataxic phenotype. Positional cloning revealed that this transgenic insertion occurred in the intron 1 of the Unc5h3 gene, which resulted in transcriptional inactivation of this gene. Though this approach is laborious and not applicable for high-throughput screen, the same principle is successfully applied to gene-trap mutagenesis (described below).
RNA interference in mice Even with its short history, RNA interference (RNAi) using small interfering RNAs (siRNAs) has become a useful tool for studying gene functions in the mammalian system. RNAi using double-stranded RNA (dsRNA) has been generally applied to induce the sequencespecific gene silencing in the nematode worm Caenorhabditis elegans (Fire et al., 1998) . Notably, the short dsRNA (small interfereing RNA, siRNA) is also effective in mammalian cells (Caplen et al., 2001; Elbashir et al., 2001; Hannon, 2002) .
Stable expression of siRNA in vivo Currently, plasmidbased systems using the H1 or U6 promoter, driven by RNA polymerase III (RNA pol III), have been established to express short hairpin RNA (shRNA) molecules in mammalian cells (Brummelkamp et al., 2002; Paddison et al., 2002) . With the selectable marker, this system is successfully applied for the stable silencing, i.e., knockdown, of the RasGAP gene expression in ES cells (Kunath et al., 2003) . When these RasGAP-silenced ES cells were allowed to develop in the uterus, the embryos exhibited similar phenotypes that were observed in knockout embryos of this gene. Since the delivery of these siRNA-expressing plasmids relies on transfection, the retroviral vector system is useful for the introduction of siRNA-expression units into transfection-resistant cells such as primary cells (Barton and Medzhitov, 2002; Devroe and Silver, 2002) . These retroviral systems, however, have several disadvantages, including the non-infection of non-cycling/ post-mitotic cells and the silencing of the shRNA expression during development from infected ES cells or embryos. These problems were overcome by utilizing the lentiviral vector system (Rubinson et al., 2003; Tiscornia et al., 2003) . In addition to the ES cell-and lentiviral-mediated expression of siRNA, conventional transgenic techniques are available to generate siRNA-expressing transgenic mice (Hasuwa et al., 2002) .
Regulation of siRNA expression in vivo Since RNA pol III promoters, such as the U6 and H1 promoters, are active in all tissues, the use of the RNA polymerase II (RNA pol II)-dependent promoter is essential for the generation of tissuespecific knockdown mice. By employing both a Ribozyme fusion to cut off the 5' 7-methylguanosine (m 7 G) cap structure and a MAZ site for RNA pol II pausing, an effective in vivo application of siRNA can be achieved using the RNA pol IIdependent promoters (Shinagawa and Ishii, 2003) . In this study, researchers expressed the long dsRNA using the cytomegalovirus (CMV) promoter. This long dsRNA, transcribed by RNA pol II, are processed to possess the 5' m 7 G cap structures, which is essential for nuclear export. A MAZ site at the 3' end pauses the transcription by RNA pol II. Though the transport of long dsRNA to the cytoplasm induces the interferon (IFN) response, the removal of the 5' m 7 G cap structure by the fused ribozyme inhibits the export of dsRNA. In nucleus, these long dsRNA are processed to generate siRNA, which is transported into cytoplasm to exert its negative effect on the gene expression. By pronuclei injection of this construct, the researchers observed the knockdown phenotype of the Ski gene in mouse embryos.
The conditional knockdown strategies are designed for the temporal gene silencing as well. If the targeted gene is indispensable, the conditional regulation of siRNA rules out the potential lethality or growth abnormality. Recently, two groups reported the establishment of inducible knockdown systems adopting tetracycline-inducible U6 promoters (Matsukura et al., 2003; Wiznerowicz and Trono, 2003) . Based on the transgenic approach, these strategies will be used to analyze the gene functions in vivo.
In summary, RNAi has been successfully applied to mammalian cells to achieve stable gene silencing in vitro. More recently, in combination with the transgenic technology, RNAi is being revealed as a new tool for studying in vivo functions in mice. Furthermore, the introduction of both the conditional and tissue-specific promoters will provide opportunities to regulate the RNAi spatiotemporally, broadening our scope of functional genomics studies in mice.
ENU Mutagenesis in Mice
Among various chemical mutagens, N-ethyl-N-nitrosourea (ENU) is the most powerful and widely used one. ENU usually induces point mutations by ethylating O or N in DNA and predominantly modifying A/T base pairs. A series of mutations can yield a vast array of allelic changes, which affect gene function and structure, and thus result in obtaining null and partial loss-, as well as gain-, of-function alleles.
The major screening strategy of ENU mutagenesis is phenotype-driven. If there is an assay system for a specific phenotype, mutations can be identified. A number of screening methods have been used to find phenotypically interesting mutant mice. Those include both the genome-wide screening strategies to find the dominant, or recessive mutations and regional screening strategies to find recessive phenotypes. The latter employs chromosomal deletions or balancer chromosomes for identifying the affected gene (Fig.  2.; Balling, 2001 ).
Phenotype-driven screening
The male mouse is treated with an appropriate dose of ENU followed by mating with a wild-type female, which will give birth to mutant offspring. Thereby, without a prediction, we can isolate the mutant gene that is involved in some phenomena such as development and pathogenesis. Although genome-wide screening strategies are usually successful for dominant phenotypes ( Fig. 2A) , the recessive mode of inheritance, which takes a major portion in human genetic disease, cannot be observed via this method. It takes at least 3 rounds of breeding to isolate the recessive mutations (Fig. 2B) . As this genome-wide recessive screen is very laborious and time-consuming, regional screening strategies have been adopted. Two types of marker chromosomes are used for the regional screens: chromosomal deletions and balancer chromosomes (Rinchik, 2000) .
If the chromosomal deletions are used, recessive phenotypes can be observed in hemizygous G1 progenies (Fig. 2C) . It means that the affected gene must reside in the deleted region, which facilitate the cloning for the gene that is affected by ENU. Compared with chromosomal deletions, balancer chromosomes have some additional advantages (Fig.  2D) . A large chromosomal deletion is frequently fatal to the well-being of mice. Furthermore, some genes show haploinsufficiency. The introduction of marked balancer inversions can solve these problems. Since the balancer chromosomes have a dominant visible marker and the homozygous mice are lethal, recessive phenotypes can be identified in G3 progenies. It also suppresses recombination events, which is enormously advantageous for the maintenance of mutant stocks.
The generation of chromosomal deletions and balancer chromosomes Since available chromosomal deletions and balancer chromosomes are limited, two other mutagenic strategies are employed to expand the list of these "genetic reagents". First, X-irradiation induces chromosomal deletions in ES cells (Thomas et al., 1998) . Since these types of chromosomal deletions are not planned specifically, the exact deletion site must be determined afterwards. Second, defined chromosomal deletions or inversions can be introduced into the mouse genome using the site-specific homologous recombination in ES cells (Yu and Bradley, 2001) . For instance, the chromosomal inversion, introduced between Trp53 (also known as p53) and Wnt3 on mouse chromosome 11, is recessive lethal and dominantly marked with a K14-Agouti transgene (Zheng et al., 1999) . Recently, a regional recessive screen was successfully conducted using this balancer chromosome (Kile et al., 2003) .
Difficulties in identifying mutated genes
Since the major screening strategy in ENU mutagenesis is phenotype-driven, strenuous efforts are required to find the mutated genes. The identification and characterization of the Fitness 1 mutant mice can be a good example. Thirteen years ago, 5 lines of mutant mice (showing a fitness/runting syndrome, defined as fitness-1 (fit-1) mutants) were identified a through regional, recessive screen (Rinchik et al., 1990) . Genomic locus was narrowed down to approximately the 530 kb sub-region between the eed and exed loci on chromosome 7 (Potter et al., 1995) . Later, it was shown that these mutations in fit-1 locus resulted in defective hematopoiesis (Potter et al., 1997) . This year it was finally identified that the mutated gene was a phosphatidylinositol-binding clathrin assembly protein (PICALM) gene, whose product is involved in clathrinmediated endocytosis (Klebig et al., 2003) .
Genotype-driven screening
Although it is considerably difficult to find the mutated genes, genotype-based screening procedures were recently being employed using the highthroughput system. This strategy makes it possible to screen for mutations on a specific gene with the genomic DNAs from mutagenized mice with ENU (Coghill et al., 2002) . Sperms, achieved from mutagenized mice with ENU in parallel, allow the rapid expansion of the mutant mice.
Conventional germ-cell mutagenesis with N-ethyl-Nnitrosourea (ENU) has some disadvantages, including the inability to monitor the mutation rate, and strain and locusspecific variations, as well as laborious mouse husbandry. ES cell-based mutagenesis procedures provide another shortcut (Chen et al., 2000; Munroe et al., 2000) . After mutagenizing ES cells with ethylmethanesulphonate (EMS) or ENU, the RT-PCR products of HPRT were sequenced and the mutations at the HPRT locus were functionally assessed using 6-thioguanine (6-TG). The results from these studies indicated Fig. 2 . Schematic explanation of the screening strategies used in ENU mutagenesis. (A) Genome-wide, dominant screen. The ENU-treated male is simply crossed with the wild-type female followed by the phenotypic assay of G1 mice. (B) Genome-wide, recessive screen. First, all G1 mice must be bred to produce G2 mice. Intercross between G2 mice or backcross to G1 mice is required to produce a homozygous mutant, G3, which will give rise to recessive phenotypes. (C) Regional screen for recessive phenotypes using chromosomal deletion. ENU-treated male mice must be mated with female mice, which have marked chromosomal deletions. If the mutations exist in the deleted region, affected G1 progenies will be hemizygous. Therefore, recessive phenotypes can be displayed by one-generation screen.
(D) Regional screen for recessive phenotypes using balancer chromosomes. Since the dominant visible marker indicates the presence of wild-type allele and the homozygous mice are lethal, recessive phenotypes will be visualized in G3. +, wild-type allele; *, mutant allele; hatched box, chromosomal inversion. that this approach was plausible and could be used to generate mutant mice of various alleles from these ES cells. Using this strategy, the mutations on non-selectable genes, such as Smad2 and Smad4, were identified through high-throughput genotype-based screening (Vivian et al., 2002) .
In conclusion, these approaches can be used to rapidly identify the allelic series of ENU-induced mutations on a specific gene, thus indicating that ENU-mediated mutagenesis can be applied to both the genotype-driven and phenotypedriven mutant screening in the post-genomic era.
Gene Trap Mutagenesis
Gene trapping is used to introduce a certain type of insertional mutation in ES cells, which is finally incorporated into the mouse genome (Fig. 3) . Thus, ES cells provide the route through which the trapped genetic mutations can be induced in mouse genome (Stanford et al., 2001) . Since the inserted gene-trap vectors can be used as a probe, the major screening strategy is genotype-driven. The gene-trap vectors have been modified in various ways to increase the trapping efficiency and identify the mutations in a specific group of genes. In this section, we will discuss some of the examples of its modifications and applications.
Polyadenylation trapping (polyA trapping) Since the promoterless reporter genes are used in both promoter-and gene-trap vectors, we can isolate only the genes that are transcriptionally active in undifferentiated ES cells. On the other hand, Polyadenylation trapping (polyA trapping) can isolate the genes which are not expressed in undifferentiated ES cells (Yoshida et al., 1995) . The PolyA-trap vector has no polyadenylation signal. Instead, it has a splicing donor signal at the end of the reporter gene. Splicing between this donor and its acceptor on the downstream exon of the integrated site could produce a hybrid reporter transcript fused to the 3' region containing the polyadenylation signal. Even without the expression of the reporter gene, the 3' region that fused to the gene has enabled researchers to identify the mutated gene easily via 3' Rapid Amplification of cDNA End (RACE) in undifferentiated ES cells.
Expression trap
As already mentioned, ES cells are pluripotent. Another strategy makes use of this character of ES cells for isolation of the trapped genes that are involved in Fig. 3 . Basic trap vectors and principles. Enhancer trap vector. Due to the nature of the enhancer trap vectors, it seems that the lossof-function mutation is not efficiently produced by the enhancer trap. For this reason, it has not been widely used in mice. Promoter trap vector. It must be integrated into the exonic sequence downstream of an endogenous promoter, which drives the reporter gene to be transcribed as a hybrid fused to the exonic sequence of the integration site. Gene trap vector. It has an additional splicing acceptor site upstream of the reporter gene-coding region. In contrast to the promoter trap, the gene trap is aimed at introns. Due to this splicing acceptor site, the upstream exonic sequence of the integration site and reporter gene sequence are fused by RNA splicing. mP, minimal promoter; ap, autonomous promoter such as pgk or beta actin promoter. specific developmental stages or expressed in the specialized organ or cell lineages (Stanford et al., 1998) . By assaying the expression of reporter genes in differentiated ES cells, researchers could trap genes that are transcriptionally active in a specific cell lineage.
Secretory trap
In order to trap some specialized gene groups, modified gene trap strategies have been applied. For example, using a "secretory trap", it is possible to identify the genes encoding secreted and membrane-spanning proteins (Skarnes et al., 1995) . A secretory trap is accomplished by capturing the N-terminal signal sequence of an endogenous gene to generate an active beta-geo fusion protein in cytosol. This secretory trap strategy has been successfully conducted in mice (Mitchell et al., 2001) .
Gene trap for distinguishing transcriptionally-responsive genes from constitutively-expressing genes The use of nitroreductase-fused EGFP as a reporter affords scientists to trap genes, transcriptionally responsive (Medico et al., 2001) . The EGFP moiety enabled them to select only the ES cell clones into which gene trap vectors were integrated. The undifferentiated ES cells actively expressing EGFP were then screened using FACS. Since nitroreductase moiety, when expressed, acts as a negative selection marker in the presence of metronidazol by killing cells, then transcriptionallyresponsive genes could be distinguished from constitutivelyexpressing genes.
Though a gene trap vector randomly induces insertional mutations, there exists both vector-independent and vectorspecific hot spots for insertion. Since it was recently observed that more than 50% of these hot spots were vector-specific, a combination of gene-trap vectors must be used in order to saturate the mouse genome with gene-trap insertions (Hansen et al., 2003) .
Conclusions and Perspectives
The development of mutagenesis strategies and the organic or systematical applications of these tools will pave the way for the functional analysis of each gene in vivo. Random mutagenesis strategies, such as ENU-and gene trapmutagenesis, have been developed to increase the number of mutant mice. By applying ENU mutagenesis on mice or ES cells, a series of phenotypically-interesting mutant alleles could be obtained without any assumption on the identity of a gene. The gene-trap with its high mutation frequencies allowed scientists to identify the mutated genes with relative ease. Now, the researchers could easily obtain mutant mice from stocks of the large-scale mutagenesis programs employing these types of random mutation, thereby accelerating the functional studies of the mouse genome.
However, the mutations from these strategies are practically limited, and so-called designer mice are needed to achieve the precise in vivo characterization of the various functional aspects of a gene. In this respect, transgenic technology is considered as an invaluable tool to conduct the studies related to the functional genomics in mice. A DNA fragment, microinjected into pronuclei, can reprogram the genome, which induces the transformation of the mouse through the transmission of a new mutation. By observing the phenotypes of transgenic mice, the in vivo effects of each mutation can be deduced, which would eventually help scientists to refine the functions of the gene. With the combination of various techniques such as RNAi, transgenic technology is beginning to widen its application range.
Even with all the versatilities of the strategies previously described, only gene targeting could definitively change the genetic status without any leakiness. As is already being done in other organisms such as yeast and C. elegans, it is expected that each gene in the mouse genome will be inevitably targeted in the future for its functional analysis in vivo.
